structure that was the most dramatically rearranged We report here the 2.85 Å resolution crystal structure from classical class I protein structures of any MHC of RAE-1␤ and a model of the RAE-1␤-muNKG2D comclass I homolog so far reported (Figure 2 and Table 2 ). plex based on 3.5 Å resolution diffraction data to further
The close approach of the helices was sealed by the characterize the structural basis for ligand recognition noncanonical disulfide bond and an unprecedented hyby NKG2D. The RAE-1␤ crystallographic analysis redrophobic interhelical interface consisting of residues vealed a very distorted MHC class I platform structure.
Val57, Leu61, Pro64, Leu65, Leu68, Leu72, Val81, Ile139, Despite little recognizable structural similarity between Trp143, Phe149, Leu156, Met164, Phe167, Leu168, and RAE-1␤ and MICA beyond retention of the underlying the aliphatic portions of the side chains of Lys71, Lys75, MHC class I platform fold, the modeled complex reand Lys163 ( Figure 1B ). Despite the preponderance of vealed that muNKG2D and RAE-1␤ interact in a manner leucine residues at this interface, the interaction bevery similar to huNKG2D and MICA.
tween helices was unlike canonical leucine zipper packings. Additional interhelical interactions occurred beResults tween residues on the exposed surface of RAE-1␤: Asp146 made ionic interactions with Lys71 and Lys75; Molecules like H-60 and RAE-1 represent the distillation Gln152 hydrogen bonded to the peptide backbone of of the MHC class I fold down to what is likely to be its Leu68; and Glu170 hydrogen bonded with Asn53 and minimal folding unit: an isolated ␣1␣2 platform domain.
Ser51. In order to study this variation of the MHC class I fold, The asymmetric unit of the RAE-1␤ crystals provides we determined the crystal structure of RAE-1␤ (residues five separate views of the structure (Figure 2A ). The 1-178) at 2.85 Å resolution by multiple isomorphous largest differences among these models occurred in replacement (MIR), taking advantage of 5-fold noncrysloops arranged around the edges of the platform dotallographic symmetry in the crystals (Table 1 ). The actimain. The loop between Gln100 and Thr105 (␤1␤2 in the vating immunoreceptor NKG2D displays the ability to ␣2 domain) adopted two different conformations, one recognize a variety of polymorphic and nonpolymorphic observed in three RAE-1␤ molecules and another in the ligands in the human immune system. To examine the other two, due to different interactions with neighboring extent to which this plasticity of recognition extends to molecules in the crystal. The ␣1 domain ␤4␣1 (Lys44-the highly conserved muNKG2D protein, we modeled Glu53) and interdomain ␣2␤1 (Val79-Gly90) loops were the RAE-1␤-muNKG2D complex using 3.5 Å resolution poorly defined in the electron density maps and exhibdiffraction data collected from crystals grown with bacited the largest B factors seen in the structure (exterially expressed recombinant protein refolded from ceeding 150 Å 2 for some side chains) and the largest inclusion bodies. The structure of the RAE-1␤-rmsds between molecules. This suggests that these muNKG2D complex was determined by molecular reloops are flexible, as is also the case in the MICA strucplacement (MR) using the refined crystal structures of ture (Li et al., 1999 Values for the highest resolution shell are shown in parentheses. R sym ϭ ⌺|I Ϫ ϽIϾ|/⌺ϽIϾ where I is the observed intensity, ϽIϾ is the mean intensity of multiple observations of symmetry-related reflections. R cullis ϭ ⌺|F PH ϪF P | Ϫ |F H(calc) |/⌺|F PH Ϫ F P | where F P is the protein structure factor amplitude and F PH is the heavy atom derivative structure factor amplitude. Phasing power ϭ Ͻ|F H |Ͼ/E where F H is the heavy atom structure factor amplitude and E is the residual lack-of-closure error. R cryst , R free ϭ ⌺||F obs | Ϫ |F calc ||/⌺|F obs | where F obs and F calc are the observed and calculated structure factor amplitudes. R free is calculated from randomly chosen reflections excluded from refinement (Brü nger, 1992). Geometry was analyzed with PROCHECK (Laskowski et al., 1992); note that the quality of the complex structure to a large extent reflects the input search models, since this structure is only partially refined. Figures 2C and 2D ). The effect of this relative movement required to prevent steric clashes in the complex involved the side chains of His58, Gln70, Glu148, and Phe155 in in the complexes was to bring certain ligand structural elements closer into alignment, such as the ␣2 domain RAE-1␤. Monomer A of muNKG2D (muNKG2D-A) interacted mostly with the C-terminal segment of helix H2 H2a and H2b helices that provide multiple contacts to NKG2D-B, while moving many other elements apart, and a few residues at the ␤1␤2 loop in the ␣1 domain of RAE-1␤, while muNKG2D monomer B (muNKG2D-B) such as the ␣1 domain H2 helix and the H1 helix in the ␣2 domain (Figures 2C and 2D) . The MICA platform loop interacted predominantly with helix H2b in the ␣2 domain (Table 3) . that deviated most dramatically from canonical MHC class I structures, the ␣1 domain ␤1␤2 loop, provided
When all common
The total buried solvent-accessible surface area at the muNKG2D-RAE-1␤ interface was roughly 1700 Å and 794 Å 2 buried at the muNKG2D-B-RAE-1␤ ␣2 dowith an interface dominated by hydrogen bonds and salt bridges. The resolution of the complex crystallogramain interface. The close approach of the two RAE-1␤ helices apparently contributed to the reduction of the phic analysis limited the detail that these interactions could be delimited. However, three pairs of residues, total solvent accessible surface area buried in the muNKG2D-RAE-1␤ complex by reducing the quality of Lys166 (muNKG2D-B) and Glu148 (RAE-1␤), Lys213 (muNKG2D-B) and Glu159 (RAE-1␤), and Glu217 the fit of RAE-1␤ onto muNKG2D relative to the fit between MICA and the analogous surface of huNKG2D.
(muNKG2D-B) and Lys151 (RAE-1␤), appeared to form good candidate salt bridges. In contrast, the muNKG2D-Using the calculated shape correlation statistic (Sc) (Lawrence and Colman, 1993), a measure of the degree A-RAE-1␤ half-site showed poorer charge complementarity, with interactions between these two molecules that two contacting surfaces are a geometric match, the muNKG2D-RAE-1␤ complex yielded an Sc value of 0.63 dominated by potential hydrogen bonding and hydrophobic interactions ( Figure 3A and Table 3 ). Like the (where 1.0 represents a theoretically perfect match), whereas the MICA-NKG2D interface yields an Sc of 0.72.
MICA-huNKG2D complex, the RAE-1␤ contact surfaces on muNKG2D were clustered around two conserved However, the complementarity of the muNKG2D-RAE-1␤ interface was comparable to the high end of the tyrosine residues, Tyr168 and Tyr215, on both muNKG2D-A and -B. Although most of the residues ininteractions between TCRs and MHC class I proteins, where Sc values range from 0.46 to 0.63.
teracting with RAE-1␤ are conserved in both murine and human NKG2D, they interacted with a different set of Most of the residues involved in the interaction between RAE-1␤ and muNKG2D were either polar or ligand residues in different ways than in the MICAhuNKG2D complex (Table 3) . Though charged residues (about 38% and 42%, respectively, out of a total of 21 contact residues) (Table 3) , consistent involving fewer residues than in the MICA-huNKG2D complex, the muNKG2D-RAE-1␤ interaction was similar acted with each other along a crystallographic 6 1 screw axis (Figure 4 ), making reciprocal, predominately hyin that the RAE-1␤ contacting surfaces on NKG2D-A and -B have in common a core set of residues that make drophobic contacts through residues in the otherwise flexible ␤3␤4 loop (residues 174-178) of muNKG2D (secvery distinct interactions on either domain of RAE-1␤ (Table 3) . total buried surface area at this interface was approxiDiscussion mately 940 Å 2 , a size consistent with crystal contacts but smallish for a relevant protein-protein interaction.
ondary structure elements in muNKG2D have been labeled as in Li et al. (2001) and Wolan et al. (2001). The In the crystals, muNKG2D-RAE-1␤ complexes inter-
The MICA-huNKG2D interface was significantly larger and more shape-complementary than the RAE-1␤-The chance of finding a nonspecific interface burying more than this area is quite high, approximately 11% muNKG2D interface, though consisting of a similar mixture of hydrophobic, polar, and ionic interactions. Com-(Janin, 1997), suggesting that this complex merely represents an artifact of crystallization. However, glycosylaparisons of the structures of muNKG2D and RAE-1␤ in isolation or in complex showed that both molecules bind tion of Asn179 (a site conserved in huNKG2D) would not block the interaction and might actually contribute to it essentially as rigid bodies, with little induced conformational change. In contrast, MICA undergoes a dramatic through potential favorable protein-carbohydrate contacts, though the surface involved on NKG2D (residues ordering of a loop concurrent with binding (Li et al.,  2001 ). The binding of muNKG2D to RAE-1␤ was characin the ␣1 helix, the loop between the ␣1 and 3 10 helices, the ␤4 strand, and the ␤4␤5Ј loop) has not been preterized by relatively fast association and dissociation rates (k on ϭ 8. The structure of RAE-1␤-NKG2D complex was determined by muNKG2D and huNKG2D ligand binding sites are essenmolecular replacement using the refined structure of RAE-1␤ and tially equivalent. Therefore, the muNKG2D-RAE-1␤ comthe previously published muNKG2D structure (Wolan et al., 2001) plex structure reinforced the conclusion drawn from the (PDB accession code 1HQ8) as search models (Table 1) (Table 1) .
Crystallogr. D54, 905-921. The structure of RAE-1␤ was determined by MIR using one gold and two mercury derivatives (Table 1) 
